The skin surface of the newborn rat at term is highly hydrophobic. This surface hydrophobicity plays a putative role in the transition from an aqueous to a gaseous environment at birth and is dependent on the presence of an intact periderm. Glucocorticoids given to pregnant dams, during late gestation, will accelerate formation of the stratum corneum and reduce transepiderma1 water loss in prematurely delivered pups. We tested the related hypotheses that surfacc hydrophobicity and maturation of the periderm are developmentally accelcrated by prenatal exposure to steroids. Thirty pregnant Sprague-Dawley rats received either normal saline or 0.5 mglkg betamethasone on d 17 of gestation. After cesarean delivery on d 18, 19, and 20, dorsal skin surface hydrophobicity was quantified by direct surface electrical capacitance (SEC) measurcment. Initial skin surface hydration at birth was significantly lower in steroid-treated pups than in control pups at gestational ages 19 and 20 d (3060 i-1379 versus 4441 t 153 pF and 646 i-295 ver.rus 1493 t 1019 pF, Premature birth bodes ill for mammals. This fact is reflected in the disproportionate mortality among prematurely delivered human infants (1, 2). This disparity in survival between the premature and mature newborn is related to differences in the degree of development and function of various organs. One such organ is the skin. Postnatal studies of the ontogeny of water sorption-desorption indicate that the mature newborn mammal possesses a hydrophobic skin surface at the time of birth (3-5). A potential adaptive advantage of surface hydrophobicity is easy elimination of exogenous water from the skin surface (e.g. amniotic fluid), thereby reducing the amount of heat lost by evaporation. In humans, the ability to desorb topically applied water is at a peak in the immediate newborn period (4). Rats also possess a highly hydrophobic surface at birth. This hydrophobicity is gradually lost over the first 3 d of life (5).
The skin surface of the newborn rat at term is highly hydrophobic. This surface hydrophobicity plays a putative role in the transition from an aqueous to a gaseous environment at birth and is dependent on the presence of an intact periderm. Glucocorticoids given to pregnant dams, during late gestation, will accelerate formation of the stratum corneum and reduce transepiderma1 water loss in prematurely delivered pups. We tested the related hypotheses that surfacc hydrophobicity and maturation of the periderm are developmentally accelcrated by prenatal exposure to steroids. Thirty pregnant Sprague-Dawley rats received either normal saline or 0.5 mglkg betamethasone on d 17 of gestation. After cesarean delivery on d 18, 19, and 20, dorsal skin surface hydrophobicity was quantified by direct surface electrical capacitance (SEC) measurcment. Initial skin surface hydration at birth was significantly lower in steroid-treated pups than in control pups at gestational ages 19 and 20 d (3060 i-1379 versus 4441 t 153 pF and 646 i-295 ver.rus 1493 t 1019 pF, Premature birth bodes ill for mammals. This fact is reflected in the disproportionate mortality among prematurely delivered human infants (1, 2) . This disparity in survival between the premature and mature newborn is related to differences in the degree of development and function of various organs. One such organ is the skin. Postnatal studies of the ontogeny of water sorption-desorption indicate that the mature newborn mammal possesses a hydrophobic skin surface at the time of birth (3) (4) (5) . A potential adaptive advantage of surface hydrophobicity is easy elimination of exogenous water from the skin surface (e.g. amniotic fluid), thereby reducing the amount of heat lost by evaporation. In humans, the ability to desorb topically applied water is at a peak in the immediate newborn period (4) . Rats also possess a highly hydrophobic surface at birth. This hydrophobicity is gradually lost over the first 3 d of life (5) .
Previous studies in newborn infants have focused on transepidermal water loss and have clearly shown that the preterm Abbreviations SEC, surface electrical capacitance TEWL, transepidermal water loss C,,, baseline surface hydration C,,, peak skin surface hydration C,,, slope of moisture accumulation infant has an immature and ineffective epidermal barrier (6) (7) (8) (9) . This finding is important insofar as the premature human infant experiences major difficulties with body temperature regulation and infection. These problems relate, in part, to deficient epidermal barrier formation and contribute to the high morbidity and mortality observed in this high risk patient population. Clinically, epithelial maturation in other organs such as the lung is accelerated by prenatal administration of glucocorticoids to the mother (10). A recent report by Azterbaum et al.
(11) indicates similar maturational effects occur in the epidermis of the premature rat.
In this study, we investigated the effect of prenatally administered steroids on skin surface hydrophobicity in the premature rat model. Skin surface hydrophobicity was determined as described previously using skin surface electrical capacitance measurements (3, 5) . Specifically, we measured the peak surface hydration of the skin after delivery and the subsequent desorption of amniotic fluid from the skin surface (evaporative drying) under controlled environmental conditions. In addition, we obtained continuous skin surface capacitance recordings.
During continuous measurement the capacitance value at 1 s provided a measure of baseline surface hydration, whereas the slope, by measuring the changing hydration of the skin surface occluded by the mcter probe, providcd an indirect measure of quantity of water present on the skin surface immediately after TEWL (12).
birth and, particularly in thc older pups, of the extent to which amniotic fluid is repelled from thc skin surface (hydrophobic-METHODS ity) after birth.
Experimental design. The model for this study was a partially nested hicrarchical design with one covariate (birth weight of pups). The dependent or outcome variables were 1 ) the peak skin surface hydration immediately after birth (a mcasure of hydrophobicity), 2) the bascline skin surface hydration (also a measure of skin surfacc hydrophobicity), and 3) the slope, C,,, of moisture accumulation during continuous capacitance measurcmcnt (a measure of TEWL) (5). Skin hydration was measured by baseline surface electrical capacitance. Thc independent variables included treatment (stcroid versus vehicle), gestational age at birth, and the dam (from which a pup was delivered).
Animal model Sprague-Dawley rat. Thirty timed pregnant Sprague-Dawlcy rats (Zivic-Millcr Laboratories Inc., Zclienople Park, PA) were obtained and randomly assigned to be delivered by cesarean section on d 18, 19, and 20 of gestation (term gestation in the Sprague-Dawley rat is 21-22 d). Thc dams werc further randomized to one of two treatment groups to receive cither intramuscular injection of normal saline (vchicle) or bctamethasone (0.5 mg/kg) on the 17th d of gestation. This steroid dose was chosen because it was similar to currently administcred doses in human adults. A table of random numbers was used for all assignmcnts (13).
Beforc delivery, dams wcrc anesthetized with Mctofane (Pitman-Moore Inc., Washington Crossing, NJ). The uteri were cxposed via a midline longitudinal incision and the pups were delivered individually. The litter size varied from six to 17 pups. The characteristics of the groups of pups arc shown in Table 1 .
At birth, each pup was immediately wcighcd and passed to a sccond investigator who transferred the pup to an incubator (Air Shields modcl C-100) and gently blottcd the skin surface three timcs in rapid succession with dry cotton gauze sponges (Kendall Healthcare Products Company, Mansfield, MA). The initial surface electrical capacitance measurement was taken at approximately 15 s after delivery, and subsequent mcasurements were recordcd from the dorsal skin surface at 10-s intervals for 1 min. This event was termcd the desorption phase of the expcrimcnt. The first reading after blotting was termcd the peak surface hydration, C,,. This value is a measurc of the After dcsorption measurements and the attainment of a baseline plateau, the probc hcad was reapplied to the dorsal skin surface, and continuous readings wcrc obtained over a 10-s period. The rcading at 1-s, C,,,, was used as a mcasure of baseline surface hydration (after desorption of amniotic fluid), whereas the slope, C,,, of the 10-s recording providcd a mcasure of the rate at which tissue water traversed the cpidcrmal barrier to collect beneath the probc hcad. Thus, the continuous surface capacitance mcasurements provided an indircct mcasure of transepidermal watcr movement as previously shown in the nconatal rat model (12). Thc cnvironmcntal temperature and relative humidity in thc incubator were maintained at 33OC and 3496, respectively.
Capacitance measurements. Surface electrical capacitancc mcasurements provided a measurc of surface hydration. These measurcmcnts were obtained using a battcry-operated Dermaphase meter model 9003 (NOVA Tcchnology Corporation, Gloucester, MA). This instrument has a spring-loaded probe hcad with a flat contact surface (diameter = 5 mm) containing two concentric brass electrodes separated by a nonconducting resin. Skin capacitancc was measured in picofarad equivalents and converted to picofarads as previously described (3, 5, 12) . capacitancc measurements were performed in a C-100 incubator (Air Shields, Hatboro, PA), and data wcrc downloaded on line to a Compaq LTE LITEI20 laptop computer. Datafiles were subscquently transferred to a Hewlctt Packard 486166N computer for subsequent analysis using the SAS program.
Histologic evaluation. Histologic correlates of skin surface hydrophobicity and barrier function wcrc cxamined by transmission and scanning electron microscopy. Spccifically, we sought for evidence of accelerated pcridcrm and/or stratum corneum development. For these studies, newborn rats wcrc euthanized and fixed immcdiatcly in 2% glutaraldchydc and 2% paraformaldehyde in 0.1 M sodium cacodylate (pH 7.4), postfixed with 1 % osmium tetroxide in 0.1 M sodium cacodylate buffer, and subsequently cmbcdded in Epon-Araldite (Ciba-Gcigy, Summit, NJ (14, 15). Scctions of rat skin werc cxamined by transmission clcctron microscopy using thc JEOL 100CX transmission electron microscope. Additional sections were critical-point dried and sputter-coated with gold- Data arc: n = 377; mean -+ (SD).
* 11 < 0.05.
palladium for examination by scanning electron microscopy. The latter study was performed using the JEOL 35s scanning electron microscope (Japanese Electron Optic Laboratories, Bedford, MA). Data analysis. The variables for statistical comparison were the degree of peak skin surface hydration, C,,, after delivery, the baseline surface hydration, C,,, at the beginning of the continuous reading, and the slope of moisture accumulation, C,,. Statistical analyses were performed using the PROC GLM function in the SAS program. Distribution of the residuals of the outcome variable was tested by the Shapiro-Wilks test. Paired comparisons of the various treatment combinations (gestational age and type of treatment) were performed by the Student-Newman-Keuls test for multiple comparisons. A p value less than 0.05 was considered significant. All values were expressed as mean i SD.
RESULTS
On d 18, the mean peak surface capacitance values, C,,, in steroid-treated and control pups were not significantly different from each other (4399 i-136 pF versus 4449 ? 25 pF, respectively, p > 0.05). In both groups, peak capacitance was high and barely changed during the desorption part of the study, i.e. the skin surface failed to dry (Fig. 1A) . Baseline surface hydration, C,,,, at the beginning of the 10-s continuous measurement was not significantly different in steroid-treated and control pups (4238 -+ 96 pF versus 4286 i 137 pF, respectively, p > 0.05). Continuous surface capacitance measurements revealed flat profiles indicative of a maximally saturated (hydrated) surface (C,, = 1 . 8 i-6.3 pF/s versus 3 . 8 i-7.0 pF/s, respectively, p > 0.05) (Fig. 2A) .
By d 19, the mean peak surface capacitance values, C,,, were significantly lower in steroid-treated than in control pups (3060 f 1380 pF versus 4441 t 153 pF, respectively, p < 0.01). Desorption (evaporative drying) was noted in both groups. However, this change in surface hydration was more prominent in steroid-treated than in control pups (3060 ? 1380 pF to 1862 ? 1560 pF versus 4441 t 153 pF to 4278 -+ 97 pF, respectively) (Figs. 1B and 2B). As a result, the baseline surface hydration, C,,,, was significantly lower in the steroidtreated than in control pups (1862 i-1560 pF versus 4278 ? 97 pF, respectively, 17 < 0.0001). During continuous recording, the skin of control pups registered an essentially flat response (C,, = 0.5 -t 6.9 pF/s) similar to the d 18 control pups. Steroid-treated pups, however, demonstrated a significantly steeper slope (153 t 95 pF/s) indicative of moisture collection beneath the probe head (Fig. 2B) .
By d 20, the C,, values were significantly lower in steroidtreated pups (646 ? 295 pF versus 1493 t 1019 pF, respectively, p < 0.0001), and significant desorption was observed in both groups (Fig. 1C) . Baseline surface hydration (60 2 56 pF versus 128 -+ 264 pF) and the slope of the continuous surface capacitance recordings (20.3 f 8.0 pF/s versus 83.4 -t 62.2 pF/s) were consistent with a significantly better barrier after steroid treatment (Fig. 2C) .
The model was tested on PROC GLM of SAS. For the model, R, = 0.92, F = 138, df = 30, 346; p = 0.0001. , and 20 (C), placed in an incubator under controlled environmental conditions, and gently blotted with gauLe. The dorsal skin was allowed to dry by desorption of amniotic fluid for 1 niin during which time surface electrical capacitance measurements were obtained every 10 s. Prenatal steroid treatment and advancing gestational age resulted in a progressively drier, more hydrophobic surface as indicated by the decrease in pcak (time 0 ) capacitance lneasurements and the ability to dcsorb surface water resulting in low baseline (time 50) readings. SEC data arc reported as means -t SEM. The total number of pups studied was 377.
Furthermore, the analysis revealed that both C,, and C,,, were related to the type of treatment received (F = 142.01 and 597, df = 1, 24; p < 0.0001), gestational age at birth ( F = 31.8 and 111, df = 2, 24; p < 0.0001), weight of the pups (F = 20.12 and 27, df = 1, 30; p < 0.0001), the dams (F = 12.8 and 59, df = 24, 346; p < 0.0001) and the interaction effect of age and Thc cffects of prenatal stcroids on thc dcvcloping mammal have been previously docurncntcd. Many of these studies havc focuscd on ncul.ologic outcomc (18) (19) (20) (21) (22) (23) (24) (25) . In the human, prenatal stcroids are commonly administered, specifically, to accelerate the development of lung maturity in premature infants (10). Recent studies have demonstrated an overall beneficial effect in those infants who receive steroids prenatally including lowcr morbidity and mortality (10). It is conceivable thcrcforc that, in addition to accelerating lung maturity, steroids enhance the development of other organs in the body including the skin. Our findings arc consistcnt with those of Azterbaum et al. (11, 26) . In their study, using TEWL and histologic examinations, thcy showcd, for the first time, that daily prenatal administration of high doses of stcroids (three times the dose used in our study) over a 3-d period will accelerate the rate of maturation of the stratum corneum and diminish TEWL.
In our study, with the exception of pups born on gestational d 18, prenatal exposure to steroids resulted in a lower surface hydration immediately after delivery. It is likely therefore that steroid-treated pups experienced less heat loss due to evaporation. After delivery of the pups, no significant drying of the skin was observed in either group at d 18 and in controls at d 19 of gestation. A possible explanation for the failure of the premature pups' skin to dry after delivery is that the rate at which water traversed the epidermis was equal to or surpassed that at which it was lost from the skin surface. Continuous SEC readings were used therefore to generate slopes indicative of water movement across the epidermis with subsequent accumulation beneath the probe head (12). Thus, the lower slope observed in steroid-treated pups on gestational d 20 (Fig. 2C) indicates a more competent barrier and correlates well with previous reports of diminished TEWL after prenatal steroid treatment at this gestational age (11).
It should be noted, however, that the slope of continuous SEC measurements has a complicated relationship with transepidermal water movement ( Figs. 2A-C) . As a result, the slope of continuous SEC readings cannot be directly related to treatment group or age. On the one hand, the superficial layers of the immature skin may be saturated with water to the extent that no significant change in SEC measurements can be detected ( Fig. 2A) . On the other hand, a more mature epidermal barrier such as that which follows steroid treatment may be drier initially but still permeable to water at a rate sufficient to generate a significant slope (Fig. 2B) . By d 20, the complete features of a mature epidermal barrier are present, viz. a low baseline SEC and a low slope during continuous SEC measurements. These findings indicate that, at the dose used in this study, it may take greater than 24 h for significant maturational changes to occur. Also, these findings were supported by scanning and transmission electron microscopy studies that revealed significant cornification and periderm maturation of been made with respect to the premature human newborn. In the former studies (11, [18] [19] [20] [21] [22] [23] [24] [25] , steroids were administered at higher dosages and at greater frequency, i.e. multiple administrations. In this study, steroid-treated pups were significantly heavier than control pups on d 19 and 20 of gestation, a result that contrasts with the findings of other investigators. A possible explanation for this finding is that a single injection of low-dose steroids, in addition to stimulating organ maturation, may stimulate total body growth of rats in utero. The large number of animals (n = 377) examined in this study allowed this small but significant effect to be observed.
In conclusion, we have shown that it is possible to accelerate the development of the epidermal barrier of premature rats using doses of steroids similar to those currently used in humans. Specifically, a single dose of steroids administered on d 17 of gestation accelerates maturation of the periderm and results in a more hydrophobic skin surface by gestational d 19 and 20. These results confirm and extend the earlier report by Azterbaum et al. (11) of steroid-induced cornification and decreased TEWL in the premature rat. The clinical significance of a more mature epidermal barrier resides, in part, in a reduction in the quantity of heat lost by evaporation, either from fluid adsorbed to the skin surface or from fluid traversing the skin from deeper tissues (31) . It is conceivable that a similar acceleration in the rate of skin maturation occurs in human infants who are exposed to steroids prenatally and that this phenomenon may contribute to the lower mortality and morbidity observed in these infants (10).
